Mead is a traditional alcoholic beverage that is produced by fermentation of diluted honey.
Introduction
Honey is a sweet and flavourful nutrition that is composed mainly of a mixture of carbohydrates and other compounds like amino and other organic acids, proteins, lipids and minerals. Since it is a high sugar, low water medium with low redox potential it causes stress to many microorganisms except to the most osmoresistent, xerophilic specialists (GOMES et al. 2010) . Microbial diversity of honey may show regional variation because there are a lot of different contamination sources, such as air, wax feeding organisms, the digestive duct of bees and some that depend on the surrounding of the beehive like nectar and pollen of various flowers and honeydew. Those variation is little investigated although some of the microorganisms, especially yeasts, that survive in or live from honey are of importance either because of their ability to produce fermented beverages or to spoil food products.
Fermented honey, mead, is certainly one of the earliest alcoholic beverages produced by humans. Analyses of ancient pottery jars from the beginning Neolithic (seventh millennium B.C.) in China have revealed that a mix of honey, rice and fruit was used (MCGOVERN et al. 2004 ). The ingredients of "Nordic Grog" from 1500 B.C. included locally available honey (MCGOVERN et al. 2013) . Originally mead was not a pure diluted honey drink (and is not everywhere today). The German name of the dicotyl genus Philipendula for instance is a reminder to that; now called "Mädesüß" (sweet girl), it was originally named "Metesüß" (sweet mead; in Norwegian "mjødurt", mead herb), indicating some importance of the plant for mead aroma enhancement or maybe its flowers served as yeast source.
Mead nowadays is produced using the same purified and cultured yeasts as in wine making (PEREIRA et al. 2013) . Historically this was certainly not the case and it's likely that honey itself was one of the major yeast sources. The objective of this study was to analyze the ability of some indigenous yeasts, directly isolated from beehives of different locations in Austria, to produce mead and sweet wine and to compare their fermentation properties with those of different Saccharomyces species.
Materials and Methods

• Yeast isolation and selection
Samples were taken from ten beehives from the apiary BeeLocal, located in different landscapes of the northeast of Austria: the wine growing regions Wagram, Weinviertel, Vienna, Neusiedlersee, and the Eastern Alps. Some of these sites ( Fig. 1) are in or near a city, others in the proximity of lower mountains or in a xeric grassland beside a steppe lake. Samples were taken monthly, from April to beginning of July. Honey and pollen were collected separately out of the honeycombs. All samples were used for yeast isolation in the lab.
The honey and pollen samples were plated on GYP agar (2% glucose, 1% peptone, 0.5% yeast extract). After incubation at 25°C for 3 days colonies were separated and further transmitted until all cells of a culture reached homogeneous appearance. Yeasts were found in the honey samples at the sites Illmitz (surrounded by steppe and hedges), Hochleitenwald (oak forest and arable land) and Rohr im Gebirge (mountainous environment with meadows and pinewood dominated forests). 17 colonies representing three regions were selected and used in genome characterization.
• showing identity scores higher than 99% were considered conspecific.
• Microvinification
Four units of water for each one of "Wiener Blütenhonig" (Viennese Flower honey, BeeLocal)
were used to produce the diluted medium for mead production. (isolated from wine must, Tokaj wine region, Hungary) were inoculated in separate flasks.
Microvinifications were carried out in 300 ml Erlenmeyer flasks filled with 250 ml diluted honey or grape juice in darkness at a standardised temperature of 20°C. The fermentation progress was monitored by determining the weight loss caused by the production of CO 2 .
Fermentation lasted for 23 to 28 days -depending on the initial substrate -before wine chemical analysis started. The resulting wines were tested olfactory. Odour and taste of all wines were acceptable. 
Aroma profile of meads
The aroma composition was analyzed, and 63 aroma components from 18 resulting wines were determined. For analysis of volatile aroma compounds the wine sample (8 ml) with 50 µl 3-decanol (48.8 ppm) as internal standard were placed in a 20 ml headspace vial equipped with a magnetic bar and capped with a PTFE-coated silicone septum. For the headspace SPME process a 2-cm DVB/CAR/PDMS (Supelco) fiber Divinylbenzene/Carboxen/Polydimtheylsiloxan, 50/30 µm was chosen to adsorb aroma compounds in gas phase. The fiber was exposed in the headspace of sample vials for 30 min at 30°C.
After the extraction, the fiber was immediately inserted into the GC (GC/MS QP2010, Ultra (Shimadzu)) injection port for 2 min at 250°C for thermal desorption.
For the determination of different aroma compounds a ZB-WAX plus capillary column (length 60 m, 0,5 µm film thickness, 0.25 mm internal diameter; Zebron) was used. The oven temperature was held at 60°C for 3 min before being increased by 10°C/min to 100°C for one minute, and afterwards to 240°C at a rate of 4°C/min and then kept at this temperature for a further 5 min. Helium was used as carrier gas with the constant flow rate of 1.6 ml/min. were evaluated using principal component analysis (Hartung and Elpelt, 1999) .
Results and discussion
• Identification of yeast isolates
Yeasts used in the mead production practice are usually distinct wine S. cerevisiae strains selected in wine and beer fermentation environment (PEREIRA et al. 2008) . It is assumed that the yeasts, which are typically adapted to harsh alcoholic fermentation conditions, such as high osmotic pressure, may conduct mead fermentation successfully. However, the chemical composition of grape juice or malted barley is substantially different from that of honey-must, suggesting that these substrates might support the growth of different yeasts (PEREIRA ET AL. apicola strains have mostly been isolated from different bee species, although several isolates have also been recovered from pickled cucumbers, grape must and brine in a cheese factory (LACHANCE et al. 2011) .
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Although the isolated Z. rouxii and C. apicola are not strong fermenting yeasts like S.
cerevisiae, a subsequent question arose as to how these indigenous yeasts contribute to the chemical and sensory quality of mead.
•
Fermentation characteristics in mead production
In order to study metabolic power of yeasts during honey fermentation we investigated the basic chemical parameters presented in Tab. 1, which are either products or educts of the fermentation process (e.g. ethyl alcohol and CO 2 are products, glucose and fructose are educts). Hence these parameters should gather in two correlation clusters. Correlation matrix The highest rMPs in mead fermentation were gained by the reference yeasts S. uvarum and S. eubayanus (Fig. 2a) , followed by com-Sc, the commercially available pure culture yeast 'Pannonia', and Illmitz-Zr. The com-Sc and Illmitz-Zr did not differ significantly (Appendix 1a).
The Illmitz yeasts had a significantly higher rMP than the Z. rouxii of Hochleitenwald (P=0.001, matrix permutation rank test) despite the fact that they belong to the same species. Yet unknown ecological reasons and selection pressures may cause this difference.
RiG-Ca exhibited significantly less activity in substrate conversion than HLW-Zr (P=0.001, matrix permutation rank test) or Illmitz-Zr strains (P=0). The lab-Sc, a lab yeast not isolated from alcoholic beverages, had the lowest rMP.
In diluted honey fermentation rate (the "speed" of fermentation; coefficients of determination 0.989 -0.998) did not differ significantly between the yeasts and thus didn't correlate with metabolic power. On the contrary yeasts differed considerably concerning sugar usage.
Since initial glucose concentration was similar to that of fructose, all yeasts below the glucose=fructose line in Fig. 3 are fructophil (more glucose is left) whereas those above are glucophil. Thus all Saccharomyces strains used preferably glucose for metabolism. Contrary uvarum with respect to the production of glycerol during cider fermentation. This and our study clearly demonstrate that S. eubayanus species can ferment and contribute significantly to the viscosity and quality of the mead and other products.
pH-value was highest in RiG-Ca-meads (3.52), indicating low acid production (pH-value of diluted honey was 3.87) and lowest in the ones of S. uvarum (2.99), a yeast that produced titratable and malic acids in higher amounts than the others (Appendix 1a). Concentration of titratable acid is low in RiG-Ca-meads (on average 1.53 g/l) and significantly higher in Z.
rouxii fermented meads, com-Sc-mead and S. eubayanus one. The difference between these yeasts (with exception of RiG-Ca) was not significant but S. uvarum-mead -which had, as already mentioned, the highest values (4.23 g/l on average; Appendix 1a) -differed significantly from them. Volatile acids concentrations did not differ significantly between the meads (ANOVA P=0.53; Kruskal Wallis P=0.52). Substantial differences were observed in the production of malic acid (Appendix 1a). Malic acid content was zero in RiG-Ca and S.
cerevisiae (both strains), significantly higher in Z. rouxii and the highest concentrations were observed in the meads generated by S. eubayanus (1.1 g/l) and S. uvarum (1.6 g/l).
Significant differences are denoted in Appendix 1a. It was already shown that S. uvarum has been able to synthesize malic acid during wine fermentation (RAINERI AND PRETORIUS 2000).
This trait is very important for the wine production in areas with hot climates, where grape juice acidity is usually low (CASTELLARI ET AL. 1994). Results of our study have shown that beside S. uvarum, S. eubayanus can also produce increased concentration of malic acid during mead fermentation (Appendix 1a).
Lactic and citric acid content was low in all meads. Surprisingly meads created by Z. rouxii tasted sourer than the ones fermented with the aid of Saccharomyces species.
• Artificial nitrogen addition 
Fig. 4: Logarithm of fermentation rate during mead production with and without additional assimilable nitrogen. Comparison of meads produced by different fermenting yeasts.
Besides, there was a very distinct influence on fermentation rate (Fig. 4) . Nitrogen addition increased fermentation in S. cerevisiae, but had no impact on rate of fermentation of C.
apicola, and decreased metabolic speed in Z. rouxii and the S. uvarum reference strain.
Comparison of the fermentation characteristics of mead and wine
Whereas fermentation rates of all yeasts were very similar during mead production, there were huge rate differences in the process of wine making. The com-Sc 'Pannonia' and the S.
eubayanus reference strain had highest fermentation rates and RiG-Ca the lowest.
Nevertheless C. apicola fermentation of grape juice was faster than any fermentation of diluted honey whatever yeast was used (Fig. 5) . Like in diluted honey a preferred use of one of the monosaccharides glucose and fructose in wine production was observed (Appendix 1b). In the wine generated by S. uvarum and labSc there was more fructose left than glucose. Differently from the honey fermentation, the com-Sc and S. eubayanus consumed merely all of both monosaccharides during the wine fermentation. The fructophilic nature of the Z rouxii and C. apicola was also characteristic for the wine fermentation. C. apicola consumed less sugar than Z. rouxii. Altogether with exception of S. uvarum and lab-Sc, sugar consumption of yeasts was comparable in both media. In the grape juice concentration of both sugars was initially similar (Tab. 1).
Alcohol concentration was up to 9% in wines fermented by S. eubayanus and com-Sc, much higher than in meads (4.8%). As expected, Z. rouxii and C. apicola produced much less ethanol, 1.34% and 1.89% respectively (Appendix1a and 1b).
In winemaking, the concentration of titratable acid is a quality indicator, since a too high or too low pH can alter organoleptic properties of wine. All yeasts produced much more titratable acids during wine than mead production. In both media S. uvarum was outstanding show that the ability of yeasts to utilize malic acid is not only species and strain-dependent, but the growth substrate may also play a significant role. As already mentioned, the cryotolerant S. eubayanus showed different behavior regarding malic acid utilization in mead and grape juice environment.
Zygosaccharomyces bailii has been described as the yeast which can metabolize high concentration of malic acid (BARANOWSKI AND RADLER 1984). In our study, another species Z.
rouxii was also shown to be able to utilize malic acid in must fermentation, and the production of low concentration of malic acid in mead fermentation was also observed (Appendix 1a). Just to mention that the commercial production of malic and succinic acids by Z. rouxii at 30% glucose was already studied (TAING AND TAING 2007) . Based on the results of our study the potential application of S. eubayanus and S. uvarum in the production of malic acids could also be considered (Appendix 1a).
Citric acid concentrations of wines were about the same as in the initial grape juice. Lactic acid concentrations were much higher in com-Sc-wine and S. eubayanus-wine and comparable low in all others. Glycerol concentrations in wines were higher (on average 3.31 g/l) than in meads (mean: 2.56 g/l), especially in the one of com-Sc (4.5 g/l). No significant difference between wines fermented by Z. rouxii (3.3 g/l HLW-Zr; 3.5 g/l Illmitz-Zr) and C. apicola (3.2 g/l on average) was detected.
pH-value of grape juice (3.33) was lower than the one of diluted honey (3.87) whereas the pH of wines (3.27) and meads (3.3) were similar. Wines fermented by C. apicola, com-Sc and S. uvarum had pH values 3.41, 3.21 and 3.13, respectively. Within Z. rouxii there was a significant difference (Multiple Range Test): HLW-Zr-wines had a lower pH than the Ilmitz-Zrwines.
In wine production the utilization of assimilable nitrogen was low in C. apicola and lab-Sc and very high in com-Sc. Z. rouxii, S. uvarum and S. eubayanus laid in the same range.
Mead aroma composition
Concerning odour, a quantitative description of aroma profile may not be very informative since olfactory perception is not additive. Up to now there is no generally accepted theory of Relative to mead, in white wine very fruity, green and flowery odours dominate (Tab. 3). (HAUCK et al. 2003) . However, we could not detect this substance in Z. rouxii produced meads or others.
In C. apicola meads furfurol with sweet, woody, almond, fragrant, baked bread odour, dominates, linalool oxide concentration was high (floral, sweet, woody) compared with other meads, whereas rose oxide had the lowest concentration.
The S. uvarum-mead was distinct by high hexylacetate concentration with an intensive, fruity, green, apple, banana and sweet odour. Rose oxid with rosy, green, floral, spicy smell and amyloctanoate and -decanoate with waxy, oily, fruity, green and cognac flavour were also typical for this very aromatic mead.
The aroma profile of Com-Sc mead was more like the one of S. uvarum but with a lower level of important compounds, e.g. isobutyl-, hexyl-and 2-phenylethylacetate (fruity, flowery, tropical, banana, sweet odour). Linalool oxide (earthy, floral, sweet, woody) concentration was raised.
PCA confirms that aroma composition of meads depends on the species that produced them.
Principal component 1 (PC1) very clearly separates the Z. rouxii mead aromas from all others, whereas the aroma compositions of HLW-Zr and Illmitz-Zr-meads did not show any remarkable differences (with the already mentioned exception of 2-butenoic acid, ethyl ester concentration) and thus origin of yeast strains is negligible concerning production of aroma compounds. This is not self-evident since rMP and concentration of glucose, ethyl alcolhol and glycerol differed significantly between HLW-Zr-meads and Illmitz-Zr-meads (Appendix 1a).
PC2 orders meads in roughly the same way as rMP, although in opposite direction: lowest values are reached by S. uvarum-meads and highest in C. apicola ones. This indicates that high metabolism in general is the key for elevated aroma compound production.
Indistinguishable are the PC1-values of com-Sc-mead and meads produced by Z. rouxii. On the whole, every yeast species creates its own, characteristic mead flavour and odour; especially Z. rouxii meads are certainly an interesting alternative to those produced by Saccharomyces yeasts. Their aroma may be more in accordance with the mead smell and taste from the past when no commercially utilized yeasts were available.
Conclusions
The results of the present study have shown remarkable differences in the fermentation and aroma performances of the yeasts used for the mead and wine production. As expected, yeasts of the genus Saccharomyces showed the greatest efficiency in metabolic turnover, especially S. uvarum and S. eubayanus. In mead fermentation, S. cerevisiae was more inhibited by low level of assimilable nitrogen than all other yeasts that didn't benefit from addition of nitrogen. Nevertheless a proper strain selection here might generate the product of preferred quality.
Immediate alcohol production is associated with high fermentation rate and guarantees low risk of unwanted microorganisms inhabiting the medium during early fermentation. Since this early phase is especially important for aroma component creation high fermentation rates are significant for taste and odour of the product. However, contrary to wine fermentations in mead production yeasts of the genus Saccharomyces did not show significantly higher fermentation rates than Z. rouxii and C. apicola, respectively. From this point of view all yeasts were equally appropriate.
To our knowledge, it was the first time that S. eubayanus was used in the fermentation of the high-sugar mead and grape juice and it showed valuable properties in comparison to the other yeasts. S. eubayanus is a cold-tolerant yeast, which in the association with S. cerevisiae generate the interspecies hybrids known as S. pastorianus or lager brewing yeasts (Libkind et al. 2011) . Fermentative ability of S. eubayanus have scarcely been studied to date and a recent study has shown that this yeast exhibits low fermentation performance of malt worth and inability to use maltotriose (GIBSON et al. 2013) . GONZÁLEZ FLORES ET AL. (2017) also demonstrated that S. uvarum and S. eubayanus possess similar properties regarding the production of increased amount of glycerol, low acetic acid and elevated production of the 2-phenylethanol and 2-phenylethyl acetate during cider fermentation. Our results also show that S. eubayanus is able to generate a high level of glycerol during mead and wine production. Glycerol contributes to the viscosity, sweetness and complexity of flavour and makes the taste of the final product creamier suggesting that S. eubayanus could improve organoleptic properties of the final products. In this regard it is worth mentioning that for all yeasts nitrogen addition increased glycerol production during diluted honey fermentation and thus may enhance mead quality although it inhibited fermentation rate of most yeasts.
Fructophily in yeasts may reach considerable practical importance since it has turned out recently that there is a relationship between high intake of fructose -sweetened beverages and type 2 diabetes. Surprisingly only fructose, but not glucose, impairs insulin signalling (BAENA et al. 2016) . Furthermore fructose intake enhances gout risk (CHOI et al. 2010 ). The fructophilic yeast Z. rouxii therefore may gain additional importance in the production of alcoholic beverages such as mead and winen. In a possible scenario Z. rouxii may be used at the beginning of fermentation and afterwards more alcohol tolerant yeasts that ferment glucose more rapidly than fructose and that may even benefit from the low fructose level.
However, further research is needed to prove the usefulness of mixed or successive approaches (JOLLY et al. 2014) .
